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310 Obtain sensor data from a plurality of sensors
over time, the plurality of sensors defining a
sensor field

Generate a map by fusing the obtained sensor
320 data, wherein the generated map comprises a
piurality of grid cells at least partially covered by
the sensor field

_ Determine a completeness of the generated map
30 by determining object completeness and
coverage completeness of the map from the
obtained sensor data
30 Updating completeness of the generated map by

eliminating unknown areas of the generated map
using the determined object completeness and
the determined coverage completeness

Fig. 3
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610
\ Determine objects entering and ieaving the at least one

portion of generated map and current number of objects
in the at least one portion of the generated map

620

Track each of one or more objects in the at least one
\ portion of the generated map

630 _ _
Determine object compieteness
of at least one portion of the

generated map

incomplete i compiete
640 l

\ Determine prediction space ;

650

N

Determine coverage completeness ’

660

\ Update map completeness by reducing unknown grid
cells

Fig. 6
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METHODS AND SYSTEMS FOR
IMPROVING MAPS

TECHNICAL FIELD

Various embodiments generally relate to improving maps.

BACKGROUND

Automated agents such as robots or cars rely on dynamic
maps to navigate i a changing environment. Those maps
are created from in-vehicle or remote (e.g., infrastructure)
sensor detections and need to meet certain quality require-
ments 1 order to generate sale motion trajectories. While
state-oi-the-art multi-sensor fusion schemes entail a variety
of ad hoc plausibility checks to verily the correctness and
accuracy of performed sensor measurements, little attention
1s paid to the consequences of the lack of information about
specific objects or areas, 1.e., the quality attribute of com-
pleteness. No-coverage regions represent generic safety
risks, as they may contain hidden moving objects, and
should, therefore, be avoided. Especially in the case of
remote inirastructure sensing, this 1s expected to be of high
relevance since undetectable areas may be located in the
immediate driving path of a vehicle. The problem remains,
however, that an automated agent 1s typically not aware of
the ncompleteness of the map it uses, but only of the objects
that were actually detected, except if a reference ground
truth 1s available (i.e., an alternative source of information
for the same environment). As a consequence, 1t cannot
always make appropriate decisions.

In general, to the extent there are previous solutions, there
1s no concept for the systematical quantification of 1ignorance
of the map information. Ignorance about individual sensor
measurements 1s used for the purpose of data fusion, but no
meaningiul completeness measure related to the map infor-
mation 1s reported to the end user. As a consequence,
previous completeness metrics are not considered for deci-
sion-making of users. This 1s a safety-critical 1ssue espe-
cially for complex automation environments such as a
roadside sensor inirastructure.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings, like reference characters generally refer
to the same parts throughout the diflerent views. The draw-
ings are not necessarily to scale, emphasis instead generally
being placed upon illustrating the principles of the inven-
tion. In the following description, various embodiments of
the invention are described with reference to the following
drawings, in which:

FIGS. 1 and 2 show exemplary collaborative sensor fields
in accordance with or implemented 1n exemplary embodi-
ments of the present disclosure.

FIG. 3 shows an exemplary method for improving com-
pleteness of a map 1n accordance with or implemented in
exemplary embodiments of the present disclosure.

FIG. 4 shows an exemplary process flow 1n accordance
with or mmplemented in exemplary embodiments of the
present disclosure.

FIGS. 5A-5D show further exemplary sensor fields in
accordance with or implemented 1n exemplary embodiments
of the present disclosure.

FIG. 6 shows an exemplary process for determining and
improving map completeness 1n accordance with or imple-
mented 1n exemplary embodiments of the present disclosure.
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2

FIG. 7 shows an exemplary process tlow in accordance
with or mmplemented in exemplary embodiments of the

present disclosure.

FIGS. 8 and 9 show exemplary roadside sensor structures
in accordance with or implemented 1n exemplary embodi-
ments of the present disclosure.

DESCRIPTION

The following detailed description refers to the accom-
panying drawings that show, by way of illustration, specific
details and embodiments in which the mnvention may be
practiced.

The word “exemplary” 1s used herein to mean “serving as

an example, instance, or illustration”. Any embodiment or
design described herein as “exemplary” 1s not necessarily to
be construed as preferred or advantageous over other
embodiments or designs.
The words “plurality” and “multiple” 1n the description
and claims refer to a quantity greater than one. The terms
“oroup,” “set,” “sequence,” and the like refer to a quantity
equal to or greater than one. Any term expressed in plural
form that does not expressly state “plurality” or “multiple”
similarly refers to a quantity equal to or greater than one.
The term “lesser subset” refers to a subset of a set that
contains less than all elements of the set. Any vector and/or
matrix notation utilized herein 1s exemplary in nature and 1s
employed for purposes of explanation. Aspects of this dis-
closure described with vector and/or matrix notation are not
limited to being implemented with vectors and/or matrices,
and the associated processes and computations may be
performed in an equivalent manner with sets or sequences of
data or other information.

As used herein, the terms “a” or “an’ shall mean one or
more than one. The term “another” 1s defined as a second or
more. The terms “including” and/or “having” are open-
ended (e.g., comprising). The term “and/or” as used herein
1s interpreted such that “A and/or B” means any of the

following: A alone; B alone; A and B. Similarly, A, B, and/or
C means any of the following: A; B; A and B; A and C; B

and C; A and B and C.

As used herein, “memory” 1s understood as a non-tran-
sitory computer-readable medium 1n which data or informa-
tion can be stored for retrieval. References to “memory”
included herein may thus be understood as referring to
volatile or non-volatile memory, including random access
memory (RAM), read-only memory (ROM), flash memory,
solid-state storage, magnetic tape, hard disk drive, optical
drive, among others, or any combination thereof. Registers,
shift registers, processor registers, data bullers, among oth-
ers, are also embraced herein by the term memory. The term
“software” refers to any type of executable instruction(s),
including firmware, for example.

Unless explicitly specified, the term “transmit” encom-
passes both direct (point-to-point) and indirect transmission
(via one or more mtermediary points). Similarly, the term
“recerve” encompasses both direct and indirect reception.
Furthermore, the terms “transmit”, ‘“‘receive”, “‘communi-
cate”, and other similar terms encompass both physical
transmission (e.g., the transmission of radio signals) and
logical transmission (e.g., the transmission of digital data
over a logical software-level connection). For example, a
processor or controller may transmit or recerve data over a
soltware-level connection with another processor or con-
troller 1n the form of radio signals, where the physical
transmission and reception 1s handled by radio-layer com-
ponents such as RF transceivers and antennas, and the
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logical transmission and reception over the software-level
connection 1s performed by the processors or controllers.
The term “communicate” encompasses one or both of trans-
mitting and receiving, i.e., unidirectional or bidirectional
communication in one or both of the incoming and outgoing
directions. The term “calculate” encompass both ‘direct’
calculations via a mathematical expression/formula/rela-
tionship and ‘1ndirect’ calculations via lookup or hash tables
and other array indexing or searching operations.

Various exemplary embodiments of the present disclosure
relate to systems, apparatuses, and/or methods related or
directed to estimation (e.g., real-time estimation) of the
completeness of a map (e.g., dynamically created map) or a
selected sub-region of the map, particularly in the absence of
an external ground truth. In various exemplary embodi-
ments, the specifics of the sensor field design such as, but not
limited to, positions, range, orientations, etc. are known.
That 1s various exemplary embodiments herein relate to
methods to estimate the completeness of iformation for
dynamic occupancy grid maps in the absence of ground
truth.

In one or more embodiments of the present disclosure,
regions with supervised borders, for example, confined road
sections, may allow for an enhancement of the map com-
pleteness by object counting, and thus improvement of the
quality of information of the dynamic map.

FIGS. 1 and 2 show, according to exemplary embodi-
ments of the present disclosure, examples of collaborative
sensor fields. In FIG. 1, an area of interest (Aol) 10 1s
covered by the field of views (FoVs) of the spatially dis-
tributed sensors 20a, 205, 20c¢, 204, and 20e. In FIG. 1, the
FoVs 30a, 3056, 30c, 304, and 30e do not wholly cover the
Aol. Each sensor sends or transmits its sensor data to a
central computation node 50. In some embodiment, the
central computation node 1s known as a fog node, or simply
the fog. Further, each sensor may be characterized by its
FoV, range, resolution, orientation, sensor location, and can
have a unique sensor index. In various embodiments, this or
related sensor information may be known to the fog 50 at
any 1nstant of time (so 1f necessary it 1s dynamically
updated).

In general, sensors described herein may transmit sensor
data to a computation node (e.g., central computation node)
or fog through any suitable means, e.g., directly or indirectly
through wired or wirelessly means. A central computation
node may be any suitable computing device or devices.
Further, 1n accordance with various embodiments of the
present disclosure, sensor detection information (e.g., target
position, target velocity, size, etc.) may be reported or
clectronically conveyed (e.g., wired or wireless) from a
sensor to the central node. This sensor information may be
repeatedly and/or continuously transmitted to the fog over
time.

In general, the sensors described herein may be radar
sensors, camera devices, light, LIDAR sensors, and/or any
other suitable sensors (e.g., a sonar sensor, a LIDAR sensor,
radar sensor, a video/camera 1image sensor, or a V2X sensor).
For example, one sensor on a vehicle (e.g., a motor vehicle)
may be a mounted rotating LIDAR sensor.

In various situations, for the sake of simplicity, 1t may be
assumed that the probability of a false positive or a false
negative detection 1s negligible 11 a sensor has a direct line
of sight to the target. A target 1s missed by the sensor field
if 1t 1s occluded by other objects, or not in the sensor’s FoV.
Further, 1n some exemplary embodiments, false positive
measurements can be eliminated to a significant extent by
using tracking algorithms. For example, the chance for a
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false negative detection of an object 1n direct sight of a
sensor can depend on the technical capabilities of the sensor
but 1s usually small. In various embodiments, sensors are
used that have the capability to detect or read the size of a
detected object.

A computing node (e.g., central computing node) or fog
50 may include or be one or more computing devices which,
among other things may be configured to dynamically
generate a map using sensor data obtained from sensors.
More specifically, the central node or fog may implement a
fusion mapping algorithm to dynamically generate a map
from obtained sensor data. That 1s, the fog hosts computa-
tional processes to fuse individual sensor data in order to
create a dynamic map. The map may be dynamically created
or updated 1n real-time. In various embodiments, occupancy
orid maps (OGM) may be built from uniformly spaced cells
as a discretized environment model.

In addition to dynamically creating a map with received
sensor data, the fog may be further configured to momitor the
health of sensors, e.g., via a heartbeat update signal, and be
configured to immediate detect or realize sensor outages.

In further exemplary embodiments, the map information
(e.g., the generated map) may be transmitted (e.g., via wired
or wireless technology) to an agent for the purpose of
collaborative awareness and navigation. The agent may be a
process or algorithm implemented by the fog or another
computing device.

In one example, a vehicle may use the map input 1n order
to deduce a driving decision. That 1s, agents may have to be
able to associate their “ego perspective” with the map
content for self-localization, 1.e., they share a reference
coordinate system with the sensor field. This 1s, for instance,
the case iI both the agents and the sensor field possess a
module for GNSS positioning (global navigation satellite
system).

In various embodiments of the present disclosure, an area
of 1nterest (Aol) 1s a well-defined area (or areas 1n certain
circumstances) 1 space. An Aol may be determined by a
user (e.g., user defined by user input) and/or may encompass
a relevant region for a task at hand. An Aol may, but does
not necessarily, overlap with the area surveilled by a col-
laborative sensor field. For instance, the Aol may be a
sub-region of a map that 1s of particular interest for an
imminent driving operation. If the Aol has only a small or
no overlap with the extent of the dynamic map, this presents
substantial design incompleteness.

Referring back to FIG. 1, shows the Aol 10 which 1s
survellled by the sensors by sensors 20a, 2056, 20c¢, 204, and
20e. The sensors 20 (sensors 20a, 205, 20¢, 204, and 20¢) of
FIG. 1 may be implemented as part of a roadside sensor
inirastructure that 1s used to support automated roads. How-
ever, the FOVs 30a-30e do not entirely overlap with or cover
the AOI 10.

In the example of FIG. 2, the sensors and fog are included
or integrated with vehicle 40. That 1s, the vehicle 40 has
onboard sensors for environment perception. In the case of
FI1G. 2, the Aol 1s not fixed or confined. In FIG. 2, the
sensors have FoVs 30q, 305, 30c, 304, and 30e which are
fixed relative to the vehicle 40. The Aol 1n this example 1s
an area 1n front of the vehicle 40.

FIG. 3, shows according to at least one exemplary
embodiment of the present disclosure, an exemplary method
for improving the completeness of a dynamically created
map. FIG. 3 may be understood 1n conjunction with the
exemplary embodiment depicted 1n FIG. 4. That 1s FIG. 4
shows, according to at least one exemplary embodiment, a
process flow related to the method of FIG. 3. The method
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depicted 1n FIG. 3 may be implemented by one or processors
of one or more computing devices. The one or more com-
puting devices may be a central node or fog.

At 310 of FIG. 3, one or more computing devices obtain
sensor data or sensor information from a plurality of sensors
over time, wherein the plurality of sensors define a sensor
field. For example, the sensors may be spatially distributed
as shown in FIGS. 1 and 2.

At 320 of FIG. 3, the one or more computing devices
dynamically generate a map by fusing the obtained sensor
data, wherein the generated map includes a plurality of gnid
cells at least partially covered by the sensor field. That 1s, the
generated map may be or may include immformation repre-
senting or regarding the external environment covered by
the sensors, e.g., each grid cell may include or may be
associated with external or environmental information. The
orid cells or simply cells may be any suitable shape or size
and may depend on the characteristics of the sensors. That
1s, the grid cells are not necessarily uniform 1n shape or size.
Any suitable sensor fusion algorithm may be used to create
a sensor map or mapping {rom the sensor data, including but
not limited algorithms/techniques involving or applying
Central limit theorem, Kalman filter, Bayesian networks,
Dempster-Shater, Convolutional neural network, etc.

Further 1n one or more embodiments, the exemplary
method of FIG. 3 may further include receiving an Aol, e.g.,
from a user. Accordingly, the generated map may include or
be limited to the Aol, which may be a subregion of a
subsection of the map. FIG. 4, shows the flow of sensor data
or sensor 1nfo 405 into the fog 450 1n order to generate a map
at 410. FIG. 4 shows at 415 input may be recerved, e.g., from
a user or an electronic source, which specifies an Aol 415.
The Aol 1s transmaitted or obtained by the fog 415 and used
to update or refine the map 410 to an Aol map 420.

Referring back to FIG. 3, at 330, the one or more
computing devices determine completeness of the generated
map by determining object completeness and coverage
completeness of the generated map from the obtained sensor
data. In one or more embodiments, the one or more com-
puting devices may determine the completeness of a sub-
section or subregion of the generated map, e.g., the Aol.
FIG. 4 shows the sensor info 405 used by the fog 450 to
determine the map completeness by calculating unknowns at
425. The completeness determination, as explained, 1n more
detail below, may include determining unknown areas of the
map. For example, the unknown areas may be areas (e.g.,
cells) wheremn the occupancy status 1s unknown or not
ascertainable by lack of suflicient sensor information for that
area.

At 340 of FIG. 3, the one or more computing devices may
update (or improve) completeness of the generated map by
climinating unknown areas of the generated map using the
determined object completeness and the determined cover-
age completeness. In other words, the map or the map
information may be updated to reduce the amount of or
number of unknown areas. That 1s, one or more unknown
areas of the map may now be considered as “known™. For
example, the one or more computing devices can use the
completeness mnformation to eliminate or reduce the amount
of or number of unknown areas 1n an obtained Aol, rather
than reduce unknown areas 1n the entire map.

For example, FIG. 4 shows the map of AOI with
unknowns being updated at 430 and the completeness nfor-
mation 1s also determined or calculated at 435. This updated
information may be further used. For example, the informa-
tion associated with determining completeness may include
calculation of completeness metrics (e.g., I'(Aol). Thus the
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updated map (with reduced unknown areas) and/or the
completeness metrics may be transmitted or used as input 1n
a further decision process at 440. In one example, the
updated AOI map and the completeness metrics may be
inputted into a self-driving algorithm or any other computer
process which uses the data. In some embodiments, the
information 1s simply given or presented (e.g., visually) to
the user, e.g., through a display device so as to be relied on
by the user.

In general, map completeness retlects the degree to which
the map or sensor 1s sullicient to represent the universe of
discourse (e.g., Aol). Map completeness 1s generally
reduced or lowered by the failure of capturing a portion of
information of the ground truth, e.g., by a sensor missing an
object (e.g., a passing object). Referring back to FIG. 3, at
330, two types of completeness are determined or calcu-
lated, namely, object completeness and coverage complete-
ness. FIG. 6, shows according to at least one exemplary
embodiment, a process for determining and improving map
completeness by determining object and coverage complete-
ness.

In general, 1n an object-based environment representation
model, object completeness can be measured as the ratio of
objects (including attributes such as size, position, and
velocity) reported mm a map (e.g., Aol map) and objects
according to the ground truth. That 1s, the objects that are
known are compared to the objects that are currently present.
However, an incomplete object number does not yield
information about the location of the missing objects. Fur-
thermore, the respective ground truth 1s typically not avail-
able 1n a realistic dynamic environment.

In a grid-based environment model, on the other hand, the
unit of mnformation 1s not an object entity but instead a gnid
cell (a Euclidean area) with a known or unknown status. In
this case, coverage completeness may be determined or
calculated by comparing the numbers of grid cells that are
known with the number of the grid cells that are currently
present. This 1s equivalent to the ratio of the spatially
covered part of the Aol and the full extent of the Aol.

Coverage and object completeness may be represented, 1n
general, by different metrics and will coincide only 1n the
case ol perfectly homogeneous trailic, and minimal cell
occlusions. This can be understood as follows: For the 1deal
case of an 1deally homogeneous vehicle distribution having
a constant density of vehicles per area, 1n both the covered
and uncovered sections of the Aol, the coverage complete-
ness and object completeness measures will, on average,
even out or coincide to each other. However, a passing object
may cast a shadow on grid cells behind an area that—
depending on the sensor field design—might be quite dii-
ferent from the area corresponding to the occluded vehicles
in this shadowed region. Therefore, both measures can differ
in practice.

As discussed 1in FIG. 3, completeness of a generated map
1s improved by eliminating unknown areas using both the
determined object completeness and the determined cover-
age completeness.

In various embodiments of the present application, object
completeness may include determiming whether any objects
are missing from a map, €.g., a Aol. The map, as, described
in various embodiments, may be generated through sensor
fusion e.g., an implementation of a sensor fusion algorithm
that operates on obtained sensor data. Sensor fusion algo-
rithms generally includes methods, techniques, or processes
combining of data from several sensors or sources for the
purpose ol improving application or system performance.
(See e.g., https://en.wikipedia.org/wiki/Sensor_fusion). In
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various exemplary embodiments, sensor data may be of
environmental nature from wvarious sources that 1s intelli-

gently or merged or combined for localization and mapping
ol outdoor or external environments.
For example, FIG. 6 at 610, one or more computing

devices (e.g., a fog) 1s configured to determine objects
entering and leaving at least one portion of the generated
map and determine a current number of objects in the at least
one portion of the generated map. This may be accomplished
by monitoring of object flow 1 and out of the map area
(Aol). In other words, the entry and exit areas of the map or
Aol may be supervised so that objects cannot enter or exit
unnoticed. Sensors, which may be in addition to and inde-
pendent of the sensors used to generate a fusion map, may
be deployed for monitoring or supervising the ingress and
egress of objects. Such additional sensors, for example, may
include cameras, light barriers, or devices implementing
wireless handshake messages at the entry and exit points.

In short, the fog may receive the sensor information to
dynamically or continuously track and concurrently count
the number of objects leaving and entering as well as the
number of objects currently 1n the Aol. The count of objects
may be done or implemented at any instant of time to
establish a dynamic ground truth with respect to the number
of objects. As a prerequisite, the ground truth may need to
be calibrated once, e.g., by a blank or empty scene.

Furthermore, determining object completeness may
include separately or independently monmitoring or tracking
cach of the objects 1n the map or Aol. At 620 of FIG. 6 the
fog tracks or monitors each of one or more objects 1n the at
least one portion of the generated map. The tracking of the
objects may be done by the collaboration of sensors making
or defining the sensor field. In this case, these sensors can
detect the presence of objects and then be used to track the
movement of objects. Also, the sensors can be used to detect
and record various attributes of the objects 1n the sensor field
including, for example, target position, target velocity, size,
orientation, etc. This sensor information 1s reported or
transmitted to the fog which uses the information to track
cach object. In various embodiments of the present disclo-
sure, this sensor data 1s associated with each object, e.g., the
detection (e.g., where, when, etc., an object 1s detected) as
well as the object attributes (size, position, velocity, orien-
tation, etc.) can be stored 1n any suitable computer storage
medium, e.g., one or more database operatively connected to
the fog. Furthermore, the statuses of the sensors (sensor
operating status, sensor location, sensor FoV, etc.) may also
be stored. Upon detection of an object, the fog may uniquely
assign an 1dentification to the tracked object (which can be
stored with the associated attributes of the tracked objects).
In short, the fog may at any time retrieve rely on such
information, e.g., the historical data sensor data.

In FIG. 6, at 630, the fog may determine object complete-
ness of at least one portion of the generated map. That 1s,
based on the verilying of the determined current quantity of
objects (in the Aol) and the number of objects that have left
or entered the Aol with the tracking, the one or more
computing devices can determine the extent of object com-
pleteness. For example, there will be object completeness
when the object tracking does not detect the disappearance
of any objects and the tracking corresponds with the amount
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or quantity of current objects factoring in the number of
objects that have entered or left. That 1s, based on the current
quantity and amount objects entering and leaving, the track-
ing mformation can indicate whether any objects are miss-
ing. If there are no objects missing, for example, 1f none of

the tracked objects goes “missing” and the net change of
objects 1n the Aol 1s accounted for by the objects that entered
or left, then the map can be determined to be complete. That
1s, a map determined to be complete means no object 1s
unaccounted for and thus there are no unknown grid cells
with respect to occupancy in at least the Aol of the map.
Then the map can be updated at step 660.

In the case where there are no missing objects—then there
would be considered no unknown areas—e.g., no areas
where the occupancy of the areas (grid cell) 1s unknown.

However, 1n the case where a map 1s incomplete, €.g., one
or more objects are missing or unaccounted for, then at 640,
a prediction space 1s determined. For example, when one or
more objects are determined to be missing, e.g., based on
analyzing the tracking and count information (current quan-
tity information and number of objects the entering and
exiting), then the fog determines or calculates the prediction
space for each missing object. The prediction space of all
missing objects 1s the unified prediction space.

In accordance with exemplary embodiments of present
disclosure, various events associated with an object may be
detected using the sensors. For example, the fog may use
obtained sensor data to detect or identily a disappearance
cvent as discussed. Disappearance of an object may be
ascertained by comparing the detection history in the pre-
ceding time step(s) to the detection(s) in the current time
step so that the absence of a steady continuation of the
vehicle path can be verified. Thus, the fog can infer that the
object, e.g., a vehicle has either left the FoV of the sensor
field or 1s occluded.

In various embodiments, the fog uses obtained sensor data
to determine an exit event. An exit event may be equivalent
to a disappearance event except for the fact that that the
vehicle has left the map (Aol) 1n the specified time interval.
The fog may be configured to determine or 1dentify an entry
event. An entry event may be equivalent or similar to an exit
event except for the fact that the vehicle has entered the Aol
in the specified time interval. The fog may be configured to
determine or ascertain an appearance event. An appearance
of an object may be ascertained or discovered by comparing
the detection history 1 a preceding time step(s) to
detection(s) 1 the current time step. Vehicle detections
occur for vehicles that have no continuous track history. The
fog can infer or determine that an object has now or just
entered a sensor FoV after it was occluded, or out of the FoV
a time step ago.

Upon realizing an appearance event, the fog can cancel
the prediction space associated with the reappeared object in
order to free the involved grid space. Further, the fog can
reassign the object ID to specily which of the previously
occluded objects has reappeared. As more than one object
can be located within the prediction space, the reassignment
might not always be unique, in which case a portion of the
prediction space should be kept. Reassignment 1s facilitated
if, together with the ID, the object type 1s also registered and
stored.

In various exemplary embodiments of the present disclo-
sure, object status 1s managed to adapt to the above events.
Below 1s exemplary pseudocode that 1llustrates such logic.
Two lists are maintained featuring all objects 1n the Aol, at
subsequent time steps (previous and current):
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list_prev={v_1,v_2, ...};
list_curr={v_1, v_2, ...};
Each vehicle object 1s a structure with at least the following properties
v=struct(ID, position, velocity, size, status, prediction space);
status € {vis, invis, noAol};
The status can be either of visible (vis), mmvisible (invis) or not 1n the Aol
(noAol).
Initialize list_prev, list_curr;
WHILE time<time limit
FOR all detections
Write list_curr.position, list_curr.velocity, list_curr.size,
list_curr.status=vis or noAol;
ENDFOR
Assign list_curr IDs by matching positions, velocities of list_curr to
list_prev;
Complement list_curr with 1tems present in list_prev but not in
list_curr (so list_curr.status=invis);
Identify exit/entry/appearance/disappearance + continuing imvisibility
events from list_curr and list_prev status;
FOR all events
IF disappearance or continuing invisibility
Update prediction space using last known position
and velocity 1n list_prev;
ELSEIF appearance event
Reassign ID and reset respective prediction space;
ELSEIF exit event
Delete from list curr;
ENDIF
ENDFOR
time=time+1;
list_prev=list_curr;
ENDWHILE

Regarding coverage completeness, a map (e.g., a map
generated through a fusion algorithm based on collaborative

sensor data as described herein) may include a plurality of
orid cells. Referring again to FIG. 6, at 650 coverage
completeness 1s determined by computing devices/Tog
through calculating or determining unknown grid cells of the
generated map or the Aol of the generated map. In other
words, to determine coverage completeness, the state of
cach grid cell 1s evaluated. In at least one embodiment of the
present disclosure, the computing devices determine
whether or not there 1s suflicient sensor information for each
or1d cell to determine whether the particular cell 1s occupied
or not. Moreover, the sensor information 1s evaluated
whether the sensor information 1s adequate to establish
whether or not the occupancy state of the grid cell 1s known.
For example, if there 1s no sensor information or the sensor
information 1s mnadequate for a particular grid cell, then that
particular grid cell 1s determined to be and/or assigned an
“unknown” state. For example, the state of “unknown™ can
be invoked or determined 1f no sensor information for the
orid cell 1s available because the cell 1s not covered by the
sensor field.

By contrast, if the sensor information of that grid cell 1s
suilicient to establish the occupancy state, then the grid cell
1s determined and/or assigned a “known” state. Further, 1n
the case of the grid cell state being known, the grid cell can
be further determined and/or assigned as having an “occu-
pied” or “unoccupied” state. That 1s, 1 the sensor data
indicates there 1s at least one object 1n the grid cell, then the
orid cell can be determined or assigned an occupied state.
Similarly, 11 the sensor data indicates there 1s no object 1n the
orid cell, then the grid cell can be determined or assigned an
“unoccupied” state. In accordance with exemplary embodi-
ments, the object can be almost anything that occupies a grid
cell. In some embodiments where the generated fusion map
or Aol 1includes a road, the object(s) may be a motor vehicle,
bicycle, pedestrian, animal, rock, etc.

In the present disclosure, the unified set of all grid cells
with the label unknown may be denoted S The
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“unknownness” of a grid cell may be attributed to difierent
sources such as design completeness, systematic complete-
ness, and sensing-related completeness.

Unknown grid cells due to design completeness, denoted
S jesigns OCCUr When a portion of the map (e.g., Aol) 1s not
covered by the sensor field due to design constraints.
Unknown gnd cells due to systematic completeness,
denoted S, ., occurs when a portion of the map (Aol) i1s
currently not covered by the sensor field due to the failure of
one or more sensors, but would otherwise be covered 1t the
sensor field was fully functional. Unknown grid cells due to
sensing-related completeness, denoted S__ ., . . occurs
when a portion of the map (Aol) that 1s currently not covered
by the sensor field even though the system 1s working
properly or correctly. For example, this may be caused by an
object occluding or blocking of sensing of grid cells.

In accordance with various exemplary embodiments of
the present disclosure, the parameters S, . St ;..

S _..randS . may be depicted in FIGS. 5A-5D. As
shown, FIGS. SA-5D include the sensors, sensor field, Aol,
ctc. depicted i FIG. 2. Further included 1n these figures 1s
a plurality of objects 60, which 1n this example are vehicles
within the Aol.

The one or more grid cells belonging to the set S, can
be determined or ascertained directly by comparing the
known sensor FoVs and orientations to the map or Aol.
S yesizn €an change due to shifts of the area of interest, or by
a reconfiguration of the sensor field. In the example of FIG.
5A, the cells 80a are cells that are unknown due to design
constraints and thus belong to S, ;... As shown, the cells
80a are not covered by the sensors, e.g., outside the FoV of
the sensors, but are cells 1n the Aol.

The one or more grid cells belonging to the set S, , can
be determined or derived by locating a failed sensor in the
sensor field by 1ts unique ID, and analyzing the change 1n
coverage of the map or Aol. This can be readily achieved 1n
the case that the configuration of each sensor 1s known to the
tog node. S;,,,.; can vary on the typically very large times-
cale of the order of the mean lifetime of a sensor, or 1f the
map or Aol 1s modified. In the example of FIG. 5B, the cells
806 are cells that are unknown due to sensor failure and thus
belonging to S, ... As shown, the cells 805 are within the
field of view of failed sensor 205. In other words, these cells
are 1n the Aol but and within the designed sensor filed but
are unknown due to sensor failure.

The one or more grid cells belonging to S__ , . . can be
ascertained or determined based on object detections made
by the sensor field. For example, the fog node can project the
subdomains of the map or Aol that are shadowed behind
detected objects while taking into account measurement
uncertainties. This set changes continuously, following the
object motion. Sensing-related completeness may be par-
ticularly important for a roadside sensor infrastructure, as
the sensing perspective might be quite different from the
perspective ol a vehicle on the road, and occluded areas can
therefore occur in immediate proximity of moving objects.
In the example of FIG. 3C, the cells 80c¢ are cells that are
unknown due to occlusion or blocking sensor failure and
thus belonging to S ;... As shown, the cells 80c¢ are within
the field of view of the some of the sensors but are blocked
by the objects (vehicles) 60c.

Finally, FIG. 5D shows the total of unknown cells due to
design constraints (S_,.,), sensor failure (S, ., and
occlusion (S___;, .. .). Accordingly, the total set of unknown
cells then 1s the umon, based on coverage completeness
approach 1is:

"y
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Therefore, the overall coverage completeness I' of the
map or Aol without further modification 1is:

= |Sﬂnknown|
5]

where S 1s the set of all grid cells including the entire area
of interest. F usually refers to a chosen Aol of a map.

For an arbitrary trailic scenario and any Aol, the coverage
completeness defined above can serve as a quality measure
for the usability of the dynamic map. A general estimate of
this kind will lead to upper-bound incompleteness values,
and thus to overly cautious decisions, since all occluded
areas are treated as zones of safety risks. Further, coverage
completeness 1s determinable even in the absence of an
object number ground truth, and may therefore be especially
useiul 1 very dynamic environments of low predictability,
such as a densely populated urban setup.

In accordance with various embodiments the fog or
central computing node can be configured to determine the
total set of unknown cells and/or the total completeness. The
fog may determine this information dynamically, e.g., the
information 1s determined or calculated as the obtained
sensor mformation 1s received or updated.

In accordance with exemplary embodiments of the pres-
ent disclosure, 11 a fog node realizes a disappearance event,
it may be triggered to calculate an individual prediction
space for the respective object (e.g., vehicle). For example,
a prediction scheme may be implemented by the fog so as to
estimate the set of all grid cells that can be physically
occupied. Accordingly, a disappearance event is realized,
¢.g., from the fog using the senor data, then the fog may
resort to and use the immediate object history in order to
determine or estimate the object horizon, e.g., the possible
positions (grid cells) the object can occupy. In various
embodiments, determination of the prediction space may
rely on using a mechanical motion model of the disappeared
object based on one or more last known positions and
velocities. Any suitable algorithm or process may be used to
estimate the object horizons. For example, in the case that
the objects are vehicles, a maximal steering angle and
physical acceleration rate may be used by the fog to deter-
mine the vehicle horizons.

The set of grid cells within the union of all such object
horizons may denoted the unitied prediction space S _, . ..
In other word, S, .., Includes the possible positions of
missing objects, e.g., includes the one or more grid cells that
which can be occupied by one or more missing objects.

Back m FIG. 6, at 660 the computing devices or fog
update the map completeness by reducing the amount of
unknown grid cell. For example, 1n accordance with exem-
plary embodiments, after the object completeness deter-
mined, (€.2., S ;. .. 18 determined) then coverage com-
pleteness can then be calculated and improved. Updating
map completeness can be implemented by eliminating as
“unknown” grid or re-identifying or reassigning certain
identified unknown grid cells to “known”. In particular, the
unknown grid cells (e.g., S, . )thatare NOT members of
the unified prediction space (e.g., S, ;,...;) can be elimi-
nated. These are cells are the ones that would not be
occupied. Thus, the new or updated cells are those cells
belonging to the prediction space that also overlap with the
originally determined or calculated unknown cells.
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In the case where all objects are accounted for (full object
completeness) 1t 1s therefore realized by the computing
devices that these original unknown cells are not be occu-
pied by any objects. By contrast, in the case where there 1s
a disappearance event—grid cells that were originally
unknown can be eliminated as unknown because the pre-
diction space indicates that the “missing objects” are or
would not be 1n these gnid cells.

In exemplary embodiments, the fog can use the unified
prediction space to eliminate unknown grid cells from the
previous set ol unknown grid cells. This refinement by the
fog may be expressed as follows:

S = NS

unknown nknown physical

__
Sunkn CWH _S.:fesi,gn U Sﬁ:ifedu Saccfudedﬂ Sphysfcaf

In short, the S_ .
wrtenown AN Sy car

Depending on the system design, this refinement can
significantly improve the completeness quality measure, as
1s demonstrated 1n the next section. The corner case of a
complete object detection 1s important: If the presence of all
objects 1s verified—there are no disappearance events and
thus there are no missing objects—then all unknown grid
cells can safely be considered as unoccupied, leading to a
temporarily complete dynamic map.

The elimination of unknown grid domains 1s possible only
because the object number ground truth verifies the absence
ol objects 1n these areas. If the entry and exat points of the
Aol are not monitored by the sensor field, S _, ., ., can be
evaluated as well, however this does not help the coverage
completeness. The possibility of an object appearing some-
time somewhere 1 a temporarily occluded domain cannot
be excluded (e.g., a pedestrian may step from the sidewalk
on the road). Theretfore, even if 1t 1s known that a vehicle just
travelled from a monitored area into a shadowed area,
predicting the object or vehicle horizon does not provide any
usetul insight.

FIG. 7, shows, according to at least one exemplary
embodiment of the present disclosure, the tlow of FIG. 4
updated with the calculate unknown section updated as
described herein.

FIG. 8 shows, according to at least one exemplary
embodiment of the present disclosure, an exemplary road-
side sensor structure of a road segment 800. The fog may
implement a method to dynamically improve map complete-
ness 1 accordance with exemplary embodiments.

The roadside sensor structure may include a plurality of
sensors 805 that are operatively communicative with the fog
to monitor a road segment (Aol) 800 which currently
includes cars 870a, 87056, 875, and truck 880. The field of
views of the sensors may overlap so as to provide particular
emphasis or redundant surveillance at predefined entry 810qa
and exit points 8105. Through detection of all incoming and
outgoing objects, the sensor field can establish a notion of
ground truth with respect to the number of vehicles 1n the
Aol.

As shown 1n FIG. 8, one car 875 has just entered an
occluded area behind a truck 880. The sensor field can be
used to realize a temporary object incompleteness (e.g., the
disappearance of the car 875). The fog, 1n response can,
based on using and analyzing the most recent detection
history, determine the domain of physically possible posi-
tions of the missing car. The intersection of this set of cells
with all unknown cells defines the dynamic coverage incom-
pleteness of the Aol, which represents a quality measure of
the Aol map. The light cells 820 show cells that from

' 1s the 1tersection of the previous
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coverage completeness analysis are determined be known,
that 1s the occupancy statuses of these cells 1s originally
known. Similarly, the darker cells 830 are cells that from
coverage completeness analysis are determined to be
unknown. For example, sensor 805/ of the sensors 805 in
FIG. 8 1s a failed sensor, therefore the cells 830/ are
unknown due to this failed sensor 805f.

In FIG. 8, the dark cells 840 are originally part of
unknown cells 830. In other words, the dark cells 840 are
originally part of unknown cells 830 due to occlusion caused
by the truck 880. In response to the fog realizing, through the
sensor tracking of the car 875, that the car 875 has disap-
peared, the fog immediately accesses and uses past or
historical sensor data in 1implementing a prediction scheme
to estimate or determine the possible positions of the car
875. In this case, the dark cells 840 are the cells 1n which the
cells determined from the prediction space intersect or
overlap with the original unknown cells 830. Accordingly,
the remaining cells that are outside or not part of 840 can all
be 1dentified and considered as having a known occupancy
status e.g., unoccupied.

In exemplary embodiments, the generated map with
updated completeness along with completeness metrics may
be used by other agents (human or computer) in order to
make decisions. For example, FIG. 9 shows, according to at
least one exemplary embodiment of the present disclosure,
an exemplary roadside sensor structure of a road segment
800. The fog may implement a method to dynamically
improve map completeness 1 accordance with exemplary
embodiments. Similar to the road segment of FIG. 8, the
road segment of FIG. 9 may include roadside sensors 905
that are operatively in communication with the fog. In
addition, the vehicles 910a and 9204 also include sensors
(not shown).

In this case, the road segment 1s a two-lane highway in
which the car number 910qa 1s blocked by a slow vehicle,
truck 920, that 1t wishes to overtake. The Aol for car 910a
to undertake such a maneuver extends far back because fast
vehicles, such as vehicle 9106 on the left lane, have to be
anticipated 1n order to make a safe driving decision. How-
ever, the onboard sensing range of vehicle 910a 1n this case
1s not suthlicient to cover this area. Therelore, the respective
candidate map of the Aol for the vehicle 910a 1s highly
incomplete (by design). However, the roadside infrastruc-
ture 1s capable of providing an almost complete dynamic
map of the Aol, and thus verifies that overtaking 1s currently
a sale option. In this example, both sources of information
do not detect any immediate threats in the Aol while the
onboard sensing field has no evidence at all. However, an
agent, with both sources of information, ¢.g., dynamic maps
with improved or updated completeness information, that 1s
using the infrastructure sensor to actively verifies the
absence of a safety risk can improve decisions. Thus a
decision 1s therefore not based on collision avoidance, but on
a completeness measure.

In various embodiments of the present disclosure, ground
truth (e.g., the number of all possibly visible grid cells) 1s
inferred given that the extent of the particular Aol 1s known,
in contrast to the object number ground truth. Uncovered
domains of the grid may only give a hint for possible object
locations, but do not necessarily have to contain any missing
objects, and thus the resulting completeness measure 1s
overly conservative.

The exemplary embodiments of the present disclosure
may be realized by computing device(s) performing the
methods or similar methods described herein. For example,
a computing device may include one or more processors
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configured to execute instructions (e.g., computer/hardware
instructions) stored on and operatively accessible from suit-
able non-transitory computer readable media. Thus proces-
sor(s) of the terminal device can execute the instructions,
which to cause the computing device to implement the
methods or variations of the methods discussed herein.

While the above descriptions used various exemplary use
cases, the use of these specific examples serve to enhance
the clarity of the description and do not limit the applica-
bility or scope of the techniques described herein. While the
above descriptions and connected, figures may depict elec-
tronic device components as separate elements, skilled per-
sons will appreciate the various possibilities to combine or
integrate discrete elements 1nto a single element. Such may
include combining two or more circuits for form a single
circuit, mounting two or more circuits onto a common chip
or chassis to form an integrated element, executing discrete
soltware components on a common processor core, efc.
Conversely, skilled persons will recognize the possibility to
separate a single element 1nto two or more discrete elements,
such as splitting a single circuit into two or more separate
circuits, separating a chup or chassis into discrete elements
originally provided thereon, separating a soltware compo-
nent 1nto two or more sections and executing each on a
separate processor core, €ic.

The following examples pertain to turther aspects of this
disclosure:

Example 1 1s a method for execution by one or more
computing devices including obtaining sensor data from a
plurality of sensors over time, the plurality of sensors
covering a sensor lield; generating a map by fusing the
obtained sensor data, wherein the generated map comprises
a plurality of grid cells at least partially covered by the
sensor field; determining, using the obtained sensor data,
completeness of at least one portion of the generated map by
determining object completeness and coverage complete-
ness of the map from the obtained sensor data; and updating
completeness of at least the portion of the generated map by
reducing an amount of unknown areas of the at least one
portion of the generated map using the determined object
completeness and the determined coverage completeness.

In Example 2, the subject matter of Example 1, wherein
determining object completeness may include: obtaining
sensor data from ingress and egress sensors; determining,
from data obtained from ingress and egress sensors, objects
entering and leaving at least one portion of the generated
map; determining, from the obtained sensor data, a current
quantity ol objects in the at least one portion of the generated
map; and tracking, from the obtained sensor data, each of
one or more objects in the at least one portion of the
generated map.

In Example 3, the subject matter of Example 2, wherein
determining object completeness may 1nclude determining
disappearance of one or more objects from the at least
portion of the generated map based on the tracking, the
determined amount of objects and a net change of objects 1n
the at least one portion of the generated map.

In Example 4, the subject matter of Example 3, wherein
in response to determining one or more objects has disap-
peared from the at least one portion of the generated map,
the method may further include determiming a prediction
space, wherein the prediction space comprises a set of grid
cells for which the one or more determined disappeared
objects can currently occupy.

In Example 5, the subject matter of Example 4, wherein
determining the prediction space may further include: for
cach determined disappeared object, determining possible
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positions the disappearing object can currently occupy using,
past sensor data of each of the disappeared objects.

In Example 6, the subject matter of Example 5 wherein
determining coverage completeness can include determining
one or more unknown grid cells of the generated map,
wherein the one or more unknown grid cells are grid cells for
which there 1s msuflicient sensor information.

In Example 7, the subject matter of Example 6, wherein
updating completeness of at least the portion of the gener-
ated map can include eliminating unknown grid cells that are
members of the determined prediction space.

In Example 8, the subject matter of Example 7, wherein
climinating unknown grid cells can include assigning a
known status to the eliminated unknown grid cells.

In Example 9, the subject matter of any of Examples 6 to
8, wherein determining coverage completeness can further
include determining one or more known grid cells of the
generated map, wherein a grid cell 1s known 1n response to
determining from the obtained sensor data that the grid cell
1s occupied or unoccupied by an object.

In Example 10, the subject matter of any of Examples 6
to 9, wherein one or more grid cells can be determined to be
unknown 1n response to determining the one or more grid
cells are not covered by the sensor field.

In Example 11, the subject matter of any of Examples 6
to 10, wherein one or more grid cells can be determined to
be unknown 1n response to determining the one or more grid
cells are not covered due to failure of one or more of the
plurality of sensors.

In Example 12, the subject matter of any of Examples 6
to 11, wherein one or more grid cells can be determined to
be unknown 1n response to determining the one or more grid
cells are not covered due to occlusion.

In Example 13, the subject matter of any of Examples 2
to 12, wherein the object can be a vehicle.

In Example 14, the subject matter of any of Examples 1
to 13, wherein the method may further include obtaining an
area ol interest, wherein the at least one portion of the
generated map 1s the obtained area of interest.

In Example 15, the subject matter of any of Examples 1
to 14, wherein the method may further include determining,
one or more completeness metrics of the at least one portion
of the generated after improving the completeness.

In Example 16, the subject matter of any of Examples 2
to 15, wherein determiming object completeness may include
determining no objects are missing from the at least portion
of the generated map based on the tracking, the determined
amount of objects and a net change of objects 1n the at least
one portion of the generated map.

In Example 17, the subject matter of Example 16, wherein
in response to determining no objects are missing, the
method may include determining all grid cells of the least
one portion are known.

Example 18 1s one or more computing devices mncluding
one or more processors and at least one non-transitory
computer-readable storage medium that include instructions
that, when executed by the one or more processors, cause the
one or more processors to obtain sensor data from a plurality
of sensors over time, the plurality of sensors covering a
sensor lield; generate a map by fusing the obtained sensor
data, wherein the generated map comprises a plurality of
orid cells at least partially covered by the sensor field;
determine, using the obtained sensor data, completeness of
at least one portion of the generated map by determining
object completeness and coverage completeness of the map
from the obtained sensor data; and update completeness of
at least the portion of the generated map by reducing amount
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of unknown areas of the at least one portion of the generated
map using the determined object completeness and the
determined coverage completeness.

In Example 19, the subject matter of Example 18, wherein
the executed mstructions can cause the one or more proces-
sors to determine to object completeness by causing the one
or more processors to: obtain sensor data from ingress and
egress sensors; determine, from data obtained from ingress
and egress sensors, objects entering and leaving at least one
portion of the generated map; determine, from the obtained
sensor data, a current quantity of objects in the at least one
portion of the generated map; and track, from the obtained
sensor data, each of one or more objects 1n the at least one
portion of the generated map.

In Example 20, the subject matter of Example 19, wherein
the executed 1nstructions can cause the one or more proces-
sors to determine to object completeness by causing the one
or more processors to determine disappearance of one or
more objects from the at least portion of the generated map
based on the tracked objects, the determined amount of
objects, and a net change of objects in the at least one portion
of the generated map.

In Example 21, the subject matter of Example 20, wherein
in response to causing the or more processors to determine
one or more objects has disappeared from the at least one
portion of the generated map, the executed mstructions can
further cause the one or more processors to: determine a
prediction space, wherein the prediction space comprises a
set of grid cells for which the one or more determined
disappeared objects can currently occupy.

In Example 22, the subject matter of Example 21, wherein
the executed 1nstructions can cause the one or more proces-
sors to determine the prediction space by further causing the
one or more processors to: for each determined disappeared
object, determine possible positions the disappearing object
can currently occupy using past sensor data of each of the
disappeared objects.

In Example 23, the subject matter of Example 22, wherein
the executed 1nstructions causing the one or more processors
to determine coverage completeness can further include the
executed 1nstructions causing the one or more processors to:
determine one or more unknown grid cells of the generated

map, wherein the one or more unknown grid cells are gnid
cells for which there 1s msuflicient sensor information.

In Example 24, the subject matter of Example 23, wherein
the executed nstructions causing the one or more processors
to 1mprove completeness ol at least the portion of the
generated map can further include the executed instructions
causing the one or more processors to: eliminate unknown
orid cells that are members of the determined prediction
space.

In Example 25, the subject matter of Example 24, wherein
the executed 1nstructions causing the one or more processors
to eliminate unknown grid cells can include the executed
instructions causing the one or more processors to assign a
known status to the eliminated unknown grid cells.

In Example 26, the subject matter of any of Examples 23
to 25, wherein the executed 1nstructions causing the one or
more processors to determine coverage completeness can
turther 1include the executed 1nstructions causing the one or
more processors to determine one or more known grid cells
of the generated map comprises, wherein a grid cell 1s
known 1n response to determining from the obtained sensor
data that the grid cell 1s occupied or unoccupied by an object.

In Example 27, the subject matter of any of Examples 23
to 26, wherein one or more grid cells may be determined to
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be unknown 1n response to determining the one or more grid
cells are not covered by the sensor field.

In Example 28, the subject matter of any of Examples 23
to 27, wherein one or more grid cells may be determined to
be unknown 1n response to determining the one or more grid
cells are not covered due to failure of one or more of the
plurality of sensors.

In Example 29, the subject matter of any of Examples 23
to 28, wherein one or more grid cells may be determined to
be unknown 1n response to determining the one or more grid
cells are not covered due to occlusion.

In Example 30, the subject matter of any of Examples 19
to 29, wherein the object may be a vehicle.

In Example 31, the subject matter of any of Examples 18
to 30, wherein the executed instructions may further cause
the one or more processors to obtain an area of interest,
wherein the at least one portion of the generated map 1s the
obtained area of interest.

In Example 32, the subject matter of any of Examples 18
to 31, wherein the executed instructions can further cause
the one or more processors to determine one or more
completeness metrics of the at least one portion of the
generated after updating the completeness.

In Example 33, the subject matter of any of Examples 19
to 32, wherein the executed instructions causing the one or
more processors to determine object completeness com-
prises can further include the executed instructions causing,
the one or more processors to determine no objects are
missing from the at least portion of the generated map based
on the tracked objects, the determined amount of objects,
and a net change of objects 1n the at least one portion of the
generated map

In Example 34, the subject matter of Example 33, wherein
in response to determining no objects are missing, the
executed 1nstructions may cause the one or more processors
to determine all grid cells of the least one portion are known.

Example 35 1s a system including one or more sensors;
one or more computing devices, wherein the one or more
computing devices are configured to: obtain sensor data
from a plurality of sensors over time, the plurality of sensors
covering a sensor field; generate a map by 1fusing the
obtained sensor data, wherein the generated map comprises
a plurality of grid cells at least partially covered by the
sensor field; determine, using the obtained sensor data,
completeness of at least one portion of the generated map by
determining object completeness and coverage complete-
ness of the map from the obtained sensor data; and update
completeness of at least the portion of the generated map by
reducing amount of unknown areas of the at least one
portion of the generated map using the determined object
completeness and the determined coverage completeness.

In Example 36, the subject matter of Example 35, which
may further include one or more 1gress and egress sensors,
and wherein the one or more computing devices may be
turther configured to: obtain sensor data from ingress and
egress sensors; determine, from data obtained from ingress
and egress sensors, objects entering and leaving at least one
portion of the generated map; determine, from the obtained
sensor data, a current quantity of objects 1in the at least one
portion of the generated map; and track, from the obtained
sensor data, each of one or more objects in the at least one
portion of the generated map.

In Example 37, the subject matter of Example 36, wherein
the one or more computing devices may be further config-
ured to determine to object completeness by determining,
disappearance of one or more objects from the at least
portion of the generated map based on the tracked objects,
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the determined amount of objects, and a net change of
objects 1n the at least one portion of the generated map.

In Example 38, the subject matter of Example 37, wherein
in response to determining one or more objects have disap-
peared from the at least one portion of the generated map,
the one or more computing devices may be further config-
ured to determine a prediction space, wherein the prediction
space comprises a set of grid cells for which the one or more
determined disappeared objects can currently occupy.

In Example 39, the subject matter of Example 38, wherein
the one or more computing devices configured to determine
the prediction space can further include: for each determined
disappeared object, the one or more computing devices
being configured determining possible positions the disap-
pearing object can currently occupy using past sensor data of
cach of the disappeared objects.

In Example 40, the subject matter of Example 39, wherein
the one or more computing devices determining coverage
completeness can include the one or more computing
devices determining one or more unknown grid cells of the
generated map, wherein the one or more unknown grid cells
are grid cells for which there 1s 1nsuflicient sensor informa-
tion.

In Example 41, the subject matter of Example 40, wherein
the one or more computing devices configured to update
completeness of at least the portion of the generated map can
include the one or more computing devices being further
configured to: eliminate unknown grid cells that are mem-
bers of the determined prediction space.

In Example 42, the subject matter of Example 41, wherein
one or more computing devices configured to eliminate
unknown grid cells can include the one or computing
devices being configured to reassign a known status to the
climinated unknown grid cells.

In Example 43, the subject matter of any of Examples 41
or 42, wherein the one or more computing devices config-
ured to determine coverage completeness can further include
the one or more computing devices being further configured
to determine one or more known grid cells of the generated
map, wherein a grid cell 1s known 1n response to determining
from the obtained sensor data that the gnid cell 1s occupied
or unoccupied by an object.

In Example 44, the subject matter of any of Examples 41
to 43, wherein the one or more computing devices are
configured to determine one or more grid cells as unknown
in response to determining the one or more grid cells are not
covered by the sensor field.

In Example 43, the subject matter of any of Examples 41
to 44, wherein the one or more computing devices are
configured to determine one or more grid cells as unknown
in response to determining the one or more grid cells are not
covered due to failure of one or more of the plurality of
SEeNSors.

In Example 46, the subject matter of any of Examples 41
to 45, wherein the one or more computing devices are
configured to determine one or more grid cells as unknown
in response to determining the one or more grid cells are not
covered due to occlusion.

In Example 47, the subject matter of any of Examples 36
to 46, wherein the object may be a vehicle.

In Example 48, the subject matter of any of Examples 35
to 47, wherein the one or more computing devices may be
turther configured to obtain an area of interest, wherein the
at least one portion of the generated map 1s the obtained area
ol interest.

In Example 49, the subject matter of any of Examples 35
to 48, wherein the one or more computing devices may be
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turther configured to determine one or more completeness
metrics of the at least one portion of the generated after
improving the completeness.

In Example 50, the subject matter of any of Examples 36
to 49, wherein the one or more computing devices config-
ured to determine object completeness can include the one
or more computing devices being further configured to
determine that no objects are missing from the at least
portion of the generated map based on the tracked objects,
the determined amount of objects, and a net change of
objects 1n the at least one portion of the generated map.

In Example 51, the subject matter of Example 50, wherein
the one or more computing devices may be configured to, in
response to determining no objects are missing, determine
all grid cells of the least one portion are known.

It should be noted that one or more of the features of any
of the examples above may be suitably combined with any
one of the other examples.

The foregoing description has been given by way of
example only and 1t will be appreciated by those skilled 1n
the art that modifications may be made without departing,
from the broader spirit or scope of the invention as set forth
in the claims. The specification and drawings are therefore
to be regarded 1n an 1llustrative sense rather than a restrictive
sense.

The scope of the disclosure 1s thus indicated by the
appended claims and all changes which come within the
meaning and range of equivalency of the claims are there-
fore mntended to be embraced.

While the mvention has been particularly shown, and
described with reference to specific embodiments, 1t should
be understood by those skilled in the art that various changes
in form and detail may be made therein without departing
from the spirit and scope of the invention as defined by the
appended claims. The scope of the mvention 1s thus indi-
cated by the appended claims and all changes which come
within the meaning and range of equivalency of the claims
are therefore intended to be embraced.

The 1nvention claimed 1s:
1. A method for improving map completeness, compris-
ng:
obtaining sensor data from a plurality of sensors over
time, the plurality of sensors covering a sensor field;
generating a map by fusing the obtained sensor data,
wherein the generated map comprises a plurality of grid
cells at least partially covered by the sensor field;
determining, using the obtained sensor data, completeness
of at least one portion of the generated map by deter-
mining object completeness and coverage complete-
ness of the map from the obtained sensor data; and
updating completeness of at least the portion of the
generated map by reducing an amount of unknown
arcas ol the at least one portion of the generated map
using the determined object completeness and the
determined coverage completeness,
wherein determining coverage completeness comprises
determining one or more unknown grid cells of the
generated map, wherein the one or more unknown
or1d cells are grid cells for which there 1s insutlicient
sensor information.
2. The method of claim 1, wherein determining object
completeness comprises:
obtaining sensor data from ingress and egress sensors;
determining, from data obtained from ingress and egress
sensors, objects entering and leaving at least one por-
tion of the generated map;
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determiming, from the obtained sensor data, a current
quantity of objects in the at least one portion of the
generated map; and

tracking, from the obtained sensor data, each of one or

more objects 1n the at least one portion of the generated
map.

3. The method of claim 2, wherein determining object
completeness comprises determining disappearance of one
or more objects from the at least portion of the generated
map based on the tracking, the determined amount of objects
and a net change of objects 1n the at least one portion of the
generated map.

4. The method of claim 3, wherein 1n response to deter-
mining one or more objects have disappeared from the at
least one portion of the generated map, the method further

comprises
determining a prediction space, wherein the prediction
space comprises a set of grid cells for which the one or
more determined disappeared objects can currently
occupy.

5. The method of claim 4, wherein determining the
prediction space further comprises:

for each determined disappeared object, determining pos-

sible positions the disappearing object can currently
occupy using past sensor data of each of the disap-
peared objects.

6. The method of claim 5, wherein updating completeness
of at least the portion of the generated map comprises:

climinating unknown grid cells that are members of the

determined prediction space.

7. The method of claim 6, wherein eliminating unknown
orid cells comprises assigning a known status to the elimi-
nated unknown grid cells.

8. The method of claim 5, wherein determining coverage
completeness further comprises determining one or more
known grid cells of the generated map, wherein a grid cell
1s known 1in response to determining from the obtained
sensor data that the grid cell 1s occupied or unoccupied by
an object.

9. The method of claim 1, wherein one or more grid cells
are determined to be unknown 1n response to determining
the one or more grid cells are not covered by the sensor field.

10. The method of claim 1, wherein one or more grid cells
are determined to be unknown 1n response to determining
the one or more grid cells are not covered due to failure of
one or more ol the plurality of sensors.

11. The method of claim 1, wherein one or more grid cells
are determined to be unknown 1n response to determining
the one or more grid cells are not covered due to occlusion.

12. The method of claim 2, wherein the object 1s a vehicle.

13. The method of claim 1, further comprising obtaining
an area of interest, wherein the at least one portion of the
generated map 1s the obtained area of interest.

14. The method of claim 1, further comprising, determin-
ing one or more completeness metrics of the at least one
portion of the generated after improving the completeness.

15. The method of claim 2, wherein determining object
completeness comprises determining no objects are missing
from the at least portion of the generated map based on the
tracking, the determined amount of objects and a net change
ol objects 1n the at least one portion of the generated map.

16. The method of claim 15, wherein 1n response to
determining no objects are missing, determining all gnid
cells of the least one portion are known.

17. One or more computing devices comprising one or
more processors and at least one non-transitory computer-



US 11,054,265 B2

21
readable storage medium including instructions that, when
executed by the one or more processors, cause the one or
more processors to:
obtain sensor data from a plurality of sensors over time,
the plurality of sensors covering a sensor field;
generate a map by fusing the obtained sensor data,
wherein the generated map comprises a plurality of grid
cells at least partially covered by the sensor field;
determine, using the obtained sensor data, completeness
of at least one portion of the generated map by deter-
mining object completeness and coverage complete-
ness of the map from the obtained sensor data; and
update completeness of at least the portion of the gener-

ated map by reducing an amount of unknown areas of
the at least one portion of the generated map using the 15

determined object completeness and the determined

coverage completeness,
wherein to determine coverage completeness comprises

1O

determine one or more unknown grnd cells of the >

generated map, wherein the one or more unknown
orid cells are grid cells for which there 1s msuilicient
sensor information.

22

18. The one or more computing devices of claim 17,
wherein the executed instructions cause the one or more

processors to determine to object completeness by causing
the one or more processors 1o:
obtain sensor data from ingress and egress sensors;
determine, from data obtained from ingress and egress
sensors, objects entering and leaving at least one por-
tion of the generated map;
determine, from the obtained sensor data, a current quan-
tity of objects 1n the at least one portion of the gener-

ated map; and
track, from the obtained sensor data, each of one or more
objects 1n the at least one portion of the generated map.
19. The one or more computing devices of claim 18,
wherein the executed instructions cause the one or more
processors to determine to object completeness by causing
the one or more processors to determine disappearance of
one or more objects from the at least portion of the generated
map based on the tracked objects, the determined amount of
objects, and a net change of objects in the at least one portion
of the generated map.
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